the ONU, we can realize a low-cost WDM access network.
In this paper, we propose a WDM-PON access system with CLS that uses a saturated semiconductor optical amplifier (SOA) data rewriter. Several transmission characteristics of this configuration are elucidated by a theoretical analysis and experiments. Section 2 describes the conventional WDM-PON with CLS and its problems. Section 3 explains the system configuration of the proposed WDM-PON access system with CLS that uses a saturated SOA data rewriter. Section 4 describes the theoretical analysis and shows the calculated results obtained using remaining intensity noise, frequency chirp and SOA frequency response as parameters. In Sect. 5, we demonstrate the bit error rate (BER) of the proposed WDM-PON access system, which uses an optimum SOA that is easy to saturate. Our conclusions are given in Sect. 6.
WDM-PON with Centralized Light Sources
To realize the wavelength independent ONU, several configurations have been proposed based on the WDM-PON with CLS. There are three main approaches; namely i) using the same wavelength for up-and downstream signals with time division multiplexing (TDM) [2], ii) using different wavelengths for up-and downstream signals with frequency division multiplexing (FDM) [3], [4], and iii) using the same wavelength for up-and downstream signals but different modulation formats [5]-[7]. In the TDM system, the downstream signal carries unmodulated optical packets for the upstream signal. After transmitting the downstream signal, the ONU modulates the unmodulated packets and sends them back to the OLT. However, although this method can realize high spectral efficiency since the same wavelength is used for up-and downstream signals, the bitrate is limited because the unmodulated time slots and the guard band between up-and downstream signals are needed in the downstream signal.
In the FDM system, the OLT supplies continuous lightwaves separate from the downstream signals. The ONU modulates the continuous lightwave and sends it back to the OLT while receiving the downstream signal. Because each signal uses different wavelengths, full-duplex transmission can be realized, which makes it possible to increase the transmission capacity. Unfortunately, this system cannot use the wavelength resources effectively.
Two different systems have been proposed for imposing different modulation formats on the up-and downstream . These methods use the same wavelength and do not need to utilize separate time slots, so their wavelength efficiency and transmission capacity are high, but the structure of the receiver is more complex than an ONU that uses NRZ intensity modulation for bidirectional transmission.
Our proposal is a cost-effective and high-capacity WDM-PON with a wavelength channel data rewriter (WCDR) that uses a saturated SOA [8]. It is described in the next section.
3. Wavelength Channel Data Rewriter Using Saturated SOA Figure 2 shows the configuration of the proposed WCDR with a saturated SOA. The WCDR is composed of one linear amplifier (LA) and one SOA. First, we use an intensity modulated signal with a low extinction ratio (ER) as the downstream signal, and amplify it to the saturation limit of the SOA with the LA. Next, by inputting the LA output to the saturated SOA, the on-off ratio between the mark level and space level is reduced, so the downstream signal is erased and changed to a continuous lightwave. Finally, we can transmit the upstream signal to the OLT by modulating the injection current of the SOA. Figure 3 shows the mechanism of optical signal erasing. This figure shows that by using the saturation region of the SOA and inputting the NRZ optical signal with a low ER into the SOA, it is possible to erase the input signal modulation and generate a new optical signal without requiring a laser diode with an assigned wavelength.
The WDM-PON with WCDR is shown in Fig. 4 . Here, WDM signals are transmitted as the downstream signals from the OLT; the wavelength channels are routed by wavelength router at the PON separation point. In the ONU, one part of the downstream signal is extracted, amplified, and received. The remaining part is processed in the WCDR and transmitted to the OLT as the upstream signal. By using this architecture, we can efficiently utilize wavelength resources because the bidirectional signals use the same wavelength, and full-duplex transmission communication is established without the guard time of TDM.
Calculation of Transmission Characteristic

Limitation Factor Contributing to Receiver Sensitivity
In general, a saturated SOA cannot completely erase the bit pattern of the downstream signal; the SOA output exhibits some remaining intensity modulation because of its slight input power dependence even in a saturated condition [8]. This remaining intensity modulation causes mark level fluctuation in the generated upstream signal and reduces the receiver sensitivity because of eye pattern closure. There are several approaches to minimizing the performance degradation of the upstream signal caused by the remaining downstream signal pattern. One is to reduce the downstream signal ER, another is to increase the SOA input power of the optical signal, and yet another is to increase the SOA injection current. Using these techniques improves the saturation characteristic and the remaining bit pattern is suppressed. Another approach is to increase the modulation index of the SOA's driving current to increase the upstream signal ER. An increase in the upstream signal ER suppresses the remaining downstream signal. By using these methods, we can minimize the performance degradation. Additionally, optical frequency chirping is triggered when an intensity modulated optical signal propagates through the SOA. In the proposed system, frequency chirp occurs while the downstream data is being erased when the downstream signal is amplified to the saturation region and passed through the SOA (the erasing process). Frequency chirp is also triggered by fluctuations in the refractive index in the active layer caused by changes in the carrier density when modulating the SOA injection current to generate the new upstream signal (=the modulating process).
Moreover, with transmissions of more than several Gbit/s, the receiver sensitivity is degraded caused by the lim-ited frequency response of the SOA.
This study analyzes the effect of the remaining downstream signal, the transmission characteristic caused by the two types of the chirp, and the effect of the SOA frequency response.
Basic Calculation
In this subsection, we describe a calculation method that allows us to analyze the effect of the remaining downstream signal and frequency chirp in the proposed system, we describe a calculation method in this subsection.
The carrier density in the SOA is defined by the following rate equation [9], [10]; (1) where N is the carrier density, I is the injection current, q is the electron charge, V is the active volume, ƒÑc, is the spontaneous carrier lifetime, g is the gain, hƒÖ0 is the carrier density required for transparency, and A is the optical field.
The optical field can be separated into the amplitude P(z, ƒÑ) and the phase ƒÓ(z, ƒÑ) and is expressed as
P and ƒÓ are obtained from the following equations;
=(g-ƒ¿int)P (3) Here, h is the SOA integrated gain, which is defined as
where g is the SOA differential gain and L is SOA length.
The integrated gain h, which depends on ƒÑ, is given by the following equation;
(8)
Here, g0 is the SOA small signal gain, Pin(ƒÑ) is the input pulse power, and Ps is the saturation power.
The chirp ƒ¢ƒË(ƒÑ) is given by (9) and by using (6) and (9), we obtain power penalty of the upstream signal, and to show the tradeoff between the up-and downstream signal penalty, the power penalty of the downstream signal is given by the dotted line in the same figure. As can be seen, the upstream receiver sensitivity is degraded and the downstream receiver sensitivity is improved as the downstream ER is increased, so there is a trade-off between the downstream ER and the upstream receiver sensitivity. This figure shows that we must set the downstream ER at 5-9dB to keep both up-and downstream power penalties below 1.5dB. In addition, increasing the upstream ER reduces the effect of the remaining downstream signal pattern but also strengthens the frequency chirp, which limits the transmission distance. We analyze this chirp effect below.
Effect of Frequency Chirp
We calculated the optical output waveform and instantaneous optical frequency change of the saturated SOA by solving (10). Here, in the WCDR, there are two sources of frequency chirp. Because the chirp depends on the carrier density, it is generated when erasing the downstream signal and when modulating the upstream signal. Figure 6 shows the erasing process and its attendant frequency shift. In this calculation, we set the bitrate and SOA specifications at the same values used in the previous calculation. Additionally, because the downstream signal can be amplified enough by the LA when receiving, the downstream ER was set at 5dB where the power penalty of the upstream signal is smallest in the region of 5-9dB ER which the penalty of bidirectional signals are enough small. In Fig. 6(a) , the dashed line shows the optical waveform of the SOA input and the solid line shows that of the SOA output. It reveals that the SOA can erase the input signal. Figure 6(b) shows the optical frequency shift when the input signal chirp is 0, and from this figure, the SOA yields an 8GHz frequency shift.
Next, we calculated the SOA modulation waveform and the frequency shift. Figure 7 current. In this figure, the SOA input is a continuous wave with an optical power of 3dBm; all the SOA specifications are the same as in the previous calculation. When modulating the SOA injection current, the output optical power is modulated because of the change in the SOA gain, but at the same time, a frequency shift is generated, as shown in Fig. 7(b) . Under these conditions, the output frequency shift is over 15GHz. Since this shift exceeds that created by the erasing process, we can consider the transmission performance to be degraded more by the modulation process than by the erasing process.
Furthermore, we ran the same calculations for the data rewriting process, which includes the erasing and modulating processes. Figure 8 shows the calculated result; the conditions are the same as in the previous calculations. In Fig. 8(a) , the solid line shows the input optical waveform and the dashed line shows the output waveform. We can see that the SOA can erase the input signal and generate a new signal simultaneously. Figure 8(b) shows the frequency shift imposed by the data rewriting process. Since this shift mirrors that created by the modulation process, these results confirm that the modulation process is a dominant chirp source.
Finally, the degradation in transmission performance was calculated as the power penalty. Figure 9 shows the transmission distance dependence of the power penalty. As shown in Fig. 9 , the power penalty is less than 1dB when the transmission distance increases to 40km where the dispersion is 640ps/nm. A 40km transmission is sufficient for most access networks, so this confirms that the WDM-PON using WCDR can realize access networks.
SOA Frequency Dependence
Finally, we analyzed the impact of the SOA frequency dependence. This frequency dependence was not considered in the previous calculations because the bitrate was only 1.25Gbit/s, but when the bitrate increases to between several Gbit/s and 10Gbit/s, the frequency dependence has a significant influence on receiver sensitivity. The reason for this is the SOA carrier lifetime which is typically of subnanosecond order.
We have to consider the bitrate of the up-and downstream signals. If the upstream bitrate increases, the SOA modulation speed cannot follow the upstream signal and the modulating signal eye pattern is degraded, which reduces the receiver sensitivity of the upstream signal. Consequently, it is difficult to increase the upstream bitrate above several Gbit/s, so we consider higher a downstream bitrate in this section.
The presence of the remnants of the downstream signal in the upstream signal is seen as another problem limiting the upstream bitrate, but surprisingly, increasing the downstream bitrate beyond the upstream bitrate alleviates both problems. This is because we can remove the high frequency remnants of the downstream signal from the upstream signal by using a low pass filter (LPF) in the upstream signal receiver. That is, placing a frequency filter Calculated transmission penalty at bidirectional 1.25Gbit/s. in the upstream receiver offsets the poor SOA frequency response in the high frequency region. We verified this effect for downstream signal bitrates of up to 10Gbit/s. Figure 10 shows the power penalty imposed by the downstream signal bitrate. As can be seen, using a LPF (Bessel type, 3dB bandwidth of 938MHz) in the upstream receiver significantly improves the receiver performance, especially with very high speed downstream signals. Consequently, although the SOA's frequency response degrades the upstream receiver sensitivity because of the remaining high frequency component of the downstream signal, placing a LPF in the upstream receiver allows the downstream bitrate to be raised to 10Gbit/s. 
Experiment
We emission (ASE) noise. Next, the SOA erased the downstream signal through its saturation characteristic. At the same time, by driving the injection current of the SOA, the upstream signal was generated at 1.25Gbit/s NRZ [PRBS 27-1], and sent to the receiver. The WCDR was connected to the receiver by SMF transmission fiber and a variable attenuator, so chromatic dispersion was present in the upstream signal. Here, the dispersion penalty increases with the frequency shift or chirp. After transmission, the upstream signal was received by an optical receiver based on an avalanche photo diode (APD). The BER characteristic were measured with an error detector (ED). Figure 12 shows the eye diagrams obtained at (a) SOA input, (b) SOA output without current modulation (=data erasing), (c) SOA modulated response with a CW input, and (d) SOA output with new data modulation (=data rewriting). A transient re-sponse was present in (b), but the space level was amplified to the mark level. Therefore, by using the saturated SOA, we can erase the downstream signal and generate a continuous wave. (d) is the modulated lightwave with a new signal created by the rewriting process. Compared with (c), the mark level has some slight fluctuation, but clear eye opening can be obtained, so new data was generated. Figure 13 shows the frequency shift of the SOA output; (a) after erasing, (b) after modulation, (c) after rewriting. These figures show that each process also imposes some frequency shift, but erasing yields a smaller shift than modulation, because the extinction ratio of the downstream signal is lower than the upstream signal modulation. This can be seen from Fig. 13(c) . In (c), the frequency shift is similar to (b), so when operating the SOA as a data rewriter, we can consider just the frequency chirp of the modulation process and ignore that of the erasing process. Figure 14 shows the bit-error performance of the WCDR for 0 to 40km fiber transmission. As shown in Fig. 14, the power penalty after a 40km transmission is less than 1dB; these results correspond to the calculated results. Since most access lines are less than 40km long, we can say that installing a WCDR in a WDM-PON system makes it possible to realize a wavelength independent ONU. Figure 15 shows the saturated SOA frequency response at various input optical powers. Here, we set the input optical extinction ratio at 5dB. As shown Fig. 15 , the frequency response increases as the input frequency increases and the input optical power decreases. The dependence on the input optical power occurs because the SOA saturation characteristic is low at small input powers and high at high input powers. However, although the optical input power was sufficiently high, the frequency response increases as the frequency rises. This is because the frequency response depends on the SOA carrier lifetime, typical values of which are of sub-nanosecond order. From this result, we can say that the saturation characteristic is sufficient in the low frequency region, for example, for giga-bit ethernet (GbE) communication. Furthermore, when the downstream bitrate is higher than the upstream bitrate, we do not need to consider the frequency response in the high frequency region. In general, the high frequency noise is rejected by installing an LPF in the receiver that has a bandwidth of about 0.75times the bitrate. The shaded area in Fig. 15 shows the receiver bandwidth when the upstream signal is 1.25Gbit/s. As can be seen, when the downstream bitrate increases, the high frequency noise from the remaining downstream signal lies outside the receiver bandwidth. As a result, the performance degradation of the upstream signal is minimized when the downstream signal increases. We provide a detailed explanation of this phenomenon in Sect. 5.3.
SOA Frequency Response
Transmission Experiment for Asymmetric Transmission
When the bitrate of the downstream signal is higher than that of the upstream signal, for example more than several Gbit/s, the downstream signal cannot be erased completely because of the SOA carrier lifetime, as shown in Fig. 15 . However, as described in Sect. 5.2, the use of a low pass filter at the upstream receiver overcomes this problem.
We measured the power penalty using the same setup as in the previous experiment. Here, we modulated the upstream signal at 1.25Gbit/s with 27-1 PRBS bit sequence; the downstream signal bitrate was set at 2.5Gbit/s and 10Gbit/s. Other conditions were the same as in the experiment described in Sect. 5.1. Figure 16 shows the results. Increasing the transmission distance increased the penalty caused by wavelength dispersion and frequency chirp, but the penalty did not depend on the downstream signal bitrate. This result shows that limiting the receiver bandwidth removes the unsuppressed downstream signal pattern sufficiently, so asymmetric bidirectional transmission can be realized.
Thus, we confirmed that the WCDR can realize a 40km transmission with 10Gbit/s downstream and 1.25Gbit/s up- stream signals.
Conclusion
We have proposed a data rewriting technique that allows us to realize a wavelength independent ONU, and also proposed a high capacity and low-cost WDM-PON access system that uses the wavelength channel data rewriter. We analyzed the chirp characteristic of the SOA and its dispersion penalty when using a saturated SOA to erase, modulate, and rewrite the upstream signal. This analysis revealed a penalty of less than 1dB from back-to-back transmission, so costeffective WDM access networks are now possible.
We also described experiments on full-duplex bidirectional transmission with 1.25Gbit/s data rates. The experimental and calculated results were good agreement (less than 1dB penalty), so effective communication is possible over 40km of SMF. Moreover, we showed the possibility that the futher cost reduction can be acheived by using two integrated SOA.
In addition, we analyzed and demonstrated the benefit of raising the downstream signal speed to 10Gbit/s while keeping the upstream signal bitrate at 1.25Gbit/s. This speed differential allows the remnant of the downstream signal in the upstream signal to be stripped out by installing a low pass filter in the upstream signal receiver; the dispersion penalty was also less than 1dB, so this technique is very practical.
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